Under the TITAN project, in order to determine the contributions of different microstructural features to strength and to deformation mode, microstructure of deformed flat tensile specimens of irradiated reduced activation F82H IEA and its joint were investigated by transmission electron microscopy (TEM), following tensile test and fracture surface examination by scanning electron microscopy (SEM). After irradiation, changes in yield strength, deformation mode, and strain-hardening capacity were seen, with the magnitude of the changes dependent on irradiation temperature. Irradiation to F82H IEA at 573 K led to a significant loss of strain-hardening capacity with a large change in yield strength. There was a tendency for a reduction in strain rate to cause a decrease in yield strength and elongation. While, irradiation at 773 K had little effect on strength, but a reduction in strain rate caused a decrease in ductility. SEM revealed fracture surfaces showing a martensitic mixed quasi-cleavage and ductile-dimple fracture in all samples. TEM have exhibited defect free bands (dislocation channels) in the necked region irradiated at 573 K. This suggests that dislocation channeling would be the dominant deformation mechanism in this steel irradiated at 573 K, resulting in the loss of strain-hardening capacity. While, the necked region of the irradiated F82H IEA joint, where showed less hardening than F82H IEA, has showed deformation bands only. From these results, it is suggested that the pre-irradiation microstructure, especially the dislocation density, could affect the post-irradiation deformation mode.
Introduction
For structural applications in fusion energy systems, the ferritic/martensitic steels have several advantages based upon their resistance to void swelling, good thermal stress resistance, and well-established commercial production and fabrication technologies. Ferritic/martensitic steels, however, undergo radiation-induced hardening during neutron irradiation at temperatures up to 523 and 623 K.
13) Radiation hardening is often accompanied by a reduction in strainhardening capacity and uniform elongation, and an increase in the temperature delineating the transition from quasicleavage to ductile fracture. 13) To investigate irradiation temperature dependence of hardening in ferritic/martensitic steels, F82H IEA and its joint were irradiated in the High Flux Isotope Reactor (HFIR) of the Oak Ridge National Laboratory (ORNL) as a part of the TITAN project. To determine the contributions of different microstructural features to strength and to deformation mode, TEM specimens were prepared from the gage sections of the strained flat tensile specimens of irradiated F82H IEA and joint; fracture surfaces were examined by SEM.
Experimental Procedure
F82H IEA was hot-rolled at 1473 K and normalized at 1314 K for 0.63 h followed by tempering at 1023 K for 1 h. F82H IEA joints were annealed at 993 K for 1 h. Chemical compositions of F82H IEA and joint are given in Ref. 4) . Neutron irradiation was performed up to 9.6 dpa at 573 and 773 K in HFIR of ORNL. After post-irradiation tensile tests and SEM, TEM samples of F82H IEA and its joint were taken from the deformed specimen, followed by fabrication using the Focused Ion Beam (FIB).
Results and Discussions

Neutron-irradiated F82H 3.1.1 Tensile behaviour
Stressstrain curves of F82H IEA (and joint) irradiated at 573 and 773 K and tested at different strain rates at RT and at one strain rate at the nominal irradiation temperature are shown in Fig. 1 . The irradiation at 573 K led to significant hardening and loss of strain hardening capacity. In contrast, the specimens irradiated at 773 K did not show irradiation hardening or degradation in ductility.
Stressstrain curves of F82H IEA tested with different strain rates are reported in Ref. 5 ). The YS and UTS levels for the specimens irradiated at 573 K were slightly affected by strain rate. At RT, the YS increased with increasing strain rate between 10 ¹4 and 10 ¹2 . The value of the hardening strain rate exponent at RT was m = 0.028, where m is defined by 6) m ¼ ð1=·Þð·@=@ ln ¾Þ ð 1Þ
where · is the stress and ¾ is the strain rate. The magnitude of this hardening strain rate exponent is considerably smaller than that at low temperature in unirradiated specimens (m = 0.041). 7) This result could be due to the effect of point defect clusters on the strain rate dependence. 8) Defect clusters exhibit a positive strain rate component, and would be included in the measured strain component of irradiated materials. The specimens irradiated at 773 K did not exhibit any difference in strength, although the slowest strain rate produced less total elongation.
Fracture surface features
Fracture surfaces of F82H IEA irradiated at 573 K and tested at RT and 573 K have already been reported in Ref. 5). Basically, there was no large difference in features between RT and 573 K. Fracture surfaces showed a typical martensitic mixed quasi-cleavage and ductile-dimple fracture in the center at both irradiation temperatures. The sizes of large and small dimples were about 2030 µm and 10 nm, respectively. Significant hardening occurred by irradiation at 573 K in tests at both RT and 573 K, and the test at 573 K resulted in a decrease in yield strength. However, each specimen showed similar fracture surface features. Figure 2 shows the fracture surfaces of the specimens irradiated at 773 K and tested at RT and 773 K. In this condition similar fracture features were observed, but dimples seemed to be somewhat larger compared with the specimens irradiated at 573 K.
Microstructural examination
In F82H IEA irradiated at 573 K, irradiation-induced dislocation loops were observed with a high number density.
However, irradiation-induced precipitates and cavities were not observed. Assuming the irradiation-induced obstacles to be dislocation loops only, the approximate value of ¡ = 0.6, barrier strength of obstacles, was obtained for 573 K, where
where ¦· y , M, b, N and d are the increase in YS, the Tailor factor, 8 ) the Burger's vector of dislocation, the number density of obstacles and the mean diameter of obstacles, respectively. Here ® is the shear modulus, ® = E/2(1 +¯), is Poisson's ratio, 7) E is Young's modulus. Figure 3 shows a typical microstructure in deformed F82H IEA after neutron irradiation at 573 K. The microstructure in the necked region irradiated at 573 K has shown defect free bands, suggested to be dislocation channels. In contrast, in the specimen irradiated at 773 K, dislocation loops and channeling were not observed. The irradiation at 773 K did not result in irradiation hardening and loss of ductility. The microstructural observations suggest that irradiation-induced dislocation loops are responsible for the observed irradiation hardening and that channeling could be the dominant deformation mechanism in this ferritic/martensitic steel, resulting in loss of strain-hardening capacity.
Neutron-irradiated F82H joint 3.2.1 Tensile behavior
Stressstrain curves of F82H IEA joint irradiated at 573 and 773 K in tests at RT are shown in Fig. 4 . The irradiation at 573 K led to significant hardening and loss of strainhardening capacity again, while the specimens irradiated at 773 K showed less irradiation hardening or degradation in ductility. The joint irradiated at 573 K, however, showed a somewhat smaller irradiation hardening in yield stress compared to F82H IEA.
Fracture surface
Fracture surfaces of F82H IEA and joint irradiated at 573 K and tested at RT at a strain rate of 1 © 10 ¹3 s ¹1 are shown in Ref. 10) . Fracture surfaces showed a typical martensitic mixed quasi-cleavage and ductile-dimple fracture in the center in both specimens. Tested at RT Tested at 773K small dimples were about 2030 and 10 nm, respectively. The F82H IEA seemed to include more large dimples than its joint.
Microstructural examination
In F82H IEA, irradiation-induced dislocation loops were observed with a high number density. 10) However, irradiation-induced precipitates and cavities were not observed. On the other hand, the irradiated over-tempered and fine-grain region showed less visible dislocation loops, while dislocation lines and helical dislocations decorated with defect clusters were observed. 5) Furthermore, the number density of defect clusters in joints was much smaller than in F82H IEA. This could suggest that irradiation-introduced point defects such as vacancies and interstitials formed defect clusters along preexisting screw type dislocation lines and were absorbed by the screw dislocations. Basically, there is no tensile and compressive stress field around a screw-type dislocation, but a shear stress is present, so that a screw-type dislocation is incapable of absorbing vacancies and interstitials. However, a screw-type dislocation could have a tensile and compressive stress field due to making edge components partially, and transform into helical dislocation by absorbing point defects. Therefore, in over-tempered and fine-grain region, the existence of screw-type dislocations before irradiation could lead to a small number density of defect clusters and a lack of dislocation loops after irradiation, which would be barriers to moving dislocations during deformation. This is in good agreement with the tensile test results, showing that a lack of irradiation-induced dislocation loops led to a small yield stress increase. Microstructure of the deformed F82H IEA and overtempered region of joints irradiated at 573 K to 5 dpa in HFIR has been reported. 10) The microstructure in the necked region of the irradiated F82H IEA showed defect-free bands, suggested to be dislocation channels. The moving dislocation sweeps the defects in the slip plane, leaving the slip plane depleted of them in its wake. Successive dislocations in the same plane will find fewer obstacles in their way, provoking a strong localization of the deformation in channel-like regions in the crystal. In contrast, the deformation microstructure of the irradiated over-tempered region of joint showed not dislocation channels but deformation bands. Since the irradiated joint had no dislocation loops and less defect clusters, which could be barriers to moving dislocations, it would not be necessary for dislocations to move with leaving dislocation channels. These results suggest that the microstructure before irradiation could affect the development of secondary defects during irradiation, and also affect the dominant deformation mechanism.
Summary
In order to determine the contributions of different microstructural features to strength and to deformation mode, neutron-irradiated F82H IEA and joints were tensile-tested and investigated by transmission electron microscopy. F82H IEA and its joints irradiated at 573 K were resulted in a significant loss of strain-hardening capacity with a large change in yield strength. Microstructure in the necked region irradiated at 573 K showed irradiation-induced dislocation loops and defect free bands, suggesting that irradiationinduced dislocation loops are responsible for the irradiation hardening at 573 K and dislocation channeling appears to be the dominant deformation mechanism, resulting in the loss of strain-hardening capacity. For a specimen irradiated at 773 K, there was little effect of irradiation on the tensile behavior and little change in microstructure, indicating a change in the deformation process with temperature. Furthermore, the necked region of irradiated F82H IEA has shown deformation bands. From this result, it is suggested that the pre-irradiation microstructure, especially one consisting of screw-type dislocations, could affect irradiation-induced secondary defect formation, leading to not only a lower yield stress but also a changing in deformation mode after irradiation. 
